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Abstract.

Information on the aerosol size distribution contained in the reflected solar

spectral radiances detected over the oceans can be reduced into two quantities. These
quantities have been determined in an unbiased way with the use of the principal
components. Consequently, only one to two parameters of the size distribution can be
retrieved. For a single-mode distribution these parameters are the effective radius of the
particles and the width of the size distribution. The accuracy of the retrieval depends on
the view and illumination directions. Accurate knowledge of the refractive index, real and
imaginary parts, is not critically important for the retrieval as long as the retrieved
particles are smaller than 1.0 um. An error budget shows that very clean conditions are
not suitable for getting any information on the aerosol size distribution. A surprising result
of this investigation is that the spectral reflectance of a bimodal-lognormal distribution can
be simulated very well with spectral reflectance of a single lognormal with an appropriate
radius and width of distribution, o, that do not necessary correspond to an average of the
bimodal values. The present results change drastically our philosophy regarding the
retrieval scheme. Additional studies are needed to confirm the present results for

nonspherical particles.

1. Introduction

Atmospheric aerosol has a significant impact on the Earth
radiative budget [Coakley and Cess, 1985; Joseph, 1984; Tanre
et al., 1984; Charlson et al., 1992] but because of the aerosol
short lifetime and spatial variability it is difficult to assess this
radiative forcing. Hansen and Lacis [1990] pointed out that as
a result, one of the greatest uncertainties in climate modeling
comes from uncertainty in the aerosol forcing. As aerosol par-
ticles interact with solar and terrestrial radiation, they perturb
the radiative budget [Liou et al., 1978; Coakley et al., 1983].
Aerosol particles also serve as cloud condensation nuclei
(CCN) or ice nuclei (IN) [Twomey and Warner, 1967; Hobbs
and Locatelli, 1970; Charlson et al., 1987; Wigley, 1989; Hegg,

1990] and therefore can modify cloud microphysic and radia- -

tive properties [Twomey, 1977a; Twomey et al., 1984; Albrecht,
1989; Coakley et al., 1987; Radke et al., 1989; Kaufman and
Nakajima, 1993]. The direct effect of aerosols on radiation and
the indirect effect on cloud albedo may cause a cooling effect
that can counteract a large part, or even all the present warm-
ing due to the increase in the CO, concentration [Twomey et
al., 1984; Wigley, 1989; Kaufman et al., 1991; Charlson et al.,
1992; Penner et al., 1992], but its estimation is very uncertain
[Intergovernmental Panel on Climate Change (IPCC), 1994].
Aerosols also play an important part in many biogeochemi-
cal cycles. Air-sea exchange of particulate matter contributes
to the global cycles of aerosol particles [Duce, 1983]. Dimeth-
ylsulfide produced by phytoplankton [Andreae and Barnard,
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1984] diffuses into the atmosphere and is oxidized to form SO,
and then sulfate particles. Ocean water and sea salt are trans-
ferred to the atmosphere through air bubbles [Heathershaw,
1974; Fairall et al., 1983; Hoppel et al., 1990]. Biomass burning
is an important source of organic particles, while the arid and
semiarid regions are for mineral dust [Prospero, 1981; Pye,
1987]. Aerosols play also an important role in tropospheric
chemistry by serving as a liquid phase that increases the speed
of chemical reactions [Crutzen, 1983; Taylor et al., 1983].

To fully understand the role of aerosol particles in atmo-
spheric processes, their total content and characteristics (com-
position, size distribution) have to be monitored at a global
scale. Because of their short lifetime (~ a week) and the
corresponding high spatial and temporal variability, only a
satellite approach can achieve this objective. Combining infor-
mation sensed over the land and over the ocean is the ultimate
goal, but the problem is very complex over land since the
surface albedo is generally unknown. Algorithms have been
developed over dense vegetation for which the albedo is very
low in the blue and red bands [Kaufman and Sendra, 1988;
Holben et al., 1992]. Algorithms that assume that the surface is
invariant have been used for multitemporal studies [Fraser et
al., 1984; Tanré et al., 1988a; Kaufman et al., 1990], but there is
no simple way for getting the aerosol spectral information over
land at a global scale. Therefore we concentrate in this work on
oceans only.

The aerosol particle size is very important in assessing the
aerosol climatic and biogenic impact. The small accumulation
particles, e.g., sulfates or smoke from tropical biomass burning
(effective radius 7z =~ 0.1 — 0.2 um [Hoppel et al., 1990, Hegg
et al., 1993; Artaxo et al., 1994]) have a different atmospheric
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and climatic role than maritime particles or dust. They are
* much more efficient (per unit mass) in scattering sunlight back
to space or in modifying cloud microphysics and albedo.

Even inside the accumulation mode the size is critical. Sulfur
can be oxidized to sulfate in the gas or liquid phase [Hoppel et
al., 1990]. In the gas phase it forms small particles (r.¢ ~ 0.1
wnm) that for the same sulfur mass are 8 times more effective in
modifying cloud microphysics than sulfate particles formed
inside clouds (7.5 =~ 0.2 um). The fraction of sulfate generated
in each phase is very uncertain (compare, for example, the
global assessments of Langner and Rodhe [1991] with North
Atlantic assessments of Benkovitz et al. [1994]), as is the dy-
namic interaction of sulfate and SO, with clouds [Kaufiman and
Tanré, 1994]. New evidence shows that due to difference in
size, organic particles present in the same geographic regions
where sulfur sources are located may affect clouds in a similar
magnitude or even more than sulfates even though their mass
concentration is significantly smaller [Novakov and Penner,
1993; Rivera-Carpio et al., 1996]. Therefore it is very important
to assess the ability of the new satellite systems to sense some
of the size properties of aerosol. )

Present satellite measurements are limited to reflectance
measurements in one channel (from geostationary satellite like
GOES or Meteosat) or two channels (from advanced very high
resolution radiometer (AVHRR)/National Oceanic and At-
mospheric Administration (NOAA), and algorithms can derive
only the total aerosol content, assuming a given aerosol model.
The aerosol model is taken from literature as the most repre-
sentative one of the local conditions [Shettle and Fenn, 1979;
D’Almeida et al., 1991]. Such a method has been successfully
applied over water [Griggs, 1975, 1979; Mekler et al., 1977,
Koepke and Quenzel, 1979] with a particular emphasis on Sa-
haran dust studies [Fraser, 1976; Carlson, 1979;.Norton et al.,
1980; Dulac et al., 1992; Jankowiak and Tanré, 1992]. An op-
erational global product is presently provided by NOAA from
AVHRR data over oceans [Rao et al., 1989]. A pioneer study
has been performed from AVHRR/NOAA data by Durkee
[1985] for deriving the aerosol model from the satellite image
itself. Kaufinan et al. [1990] and Ferrare et al. [1990] used an
iterative technique to retrieve the aerosol particle size, single-
scattering albedo, and optical thickness, simultaneously from
AVHRR data over an adjacent land and ocean areas. The
success of these attempts was limited due to the lack of good
spectral resolution (only two bands), lack of adequate satellite
calibration, and the presence of water vapor absorption. The
next generation of satellite sensors will provide well-selected
multispectral data; e.g., MODIS on the Earth Observing Sys-
tem [Salomonson et al., 1989; King et al., 1992], or multiangular
data provided by POLDER on ADEOS [Deschamps et al.,
1994] and by MISR on EOS A [Diner et al., 1989]. Polarized
reflectances will be provided by POLDER and by EOSP [Tra-
vis, 1993]. While the polarized reflectance is sensitive to the
particle refractive index [Deuzé et al., 1993] and the directional
reflectances to the optical thickness [Martonchik and Diner,
1992], it has been already demonstrated that the spectral de-
pendence of the optical thickness carries out information on
the-aerosols size distribution [King et al., 1978] and it can be
reasonably expected that the spectral dependence of the sat-
‘ellite signal can be used in a similar way.

The present work is devoted to a theoretical assessment of
the possibility of retrieving the aerosol characteristics from
spectral radiances detected by MODIS over the water. To
avoid atmospheric absorption, the MODIS channels used for
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aerosol retrieval were positioned in atmospheric windows
[Salomonson et al., 1989]. The mathematical principles of the
retrieval scheme are given in section 2. To extract and quantify
the information resulting from the use of the solar spectral
information, we adopted the principal component analysis that
is described in section 3. The range of the parameters we can
expect to retrieve is described with the associated accuracy in
section 4. Section 5 discusses additional problems, and section
6 concludes the paper.

2. Background

The mathematical approach of inversion schemes is briefly
described and illustrated using the single-scattering approxi-
mation. It is based on radiances computed for a library of
aerosol models and the MODIS spectral bands.

2.1. Theory

In radiative transfer, inverse problems applied to linear
problems generally lead to the solution of the classical Fred-
holm integral equation of the first kind [Twomey, 1977b},

b
L(x) = f K(x, y)n(y) dy (D

a

where L(x) are the measurements, K(x, y) are the kernels,
n(y) is the searched function, and @ and b are the limits of the
integral. As an example, retrieval of aerosol size distribution
from spectral extinction measurements is based on (1) [King et
al., 1978]: x is the wavelength for which the measurement is
performed, y is the radius of the particle, the kernels K(x, y)
are the extinction efficiency factors at the wavelength x (calcu-
lated from Mie theory as long as particles are spherical), and
n(y) is the size distribution. There are many other examples of
inversion problems based on (1) like the inference of the ver-
tical temperature profile from infrared measurements [Cha-
hine, 1972], the retrieval of the ozone content from the scat-
tered light in the ultraviolet region [Mateer, 1965], or like the
retrieval of the size distribution from scattered light in the
forward scattering directions near the Sun [Twitty, 1975; Santer
and Herman, 1983].

This is exactly the problem we are facing for retrieving the
size distribution from spectral reflectances: in (1), L (x) are the
reflectances measured in the spectral bands (noted x), the
kernels K(x, y) correspond to the radiance scattered in a
spectral band x by particles whose size is noted y, and n(y) is
the size distribution. If the single-scattering approximation is
valid and if the bottom boundary is nonreflecting, the reflec-
tance at the top of the atmosphere (TOA) is given by

p/\(”‘s: Moys d)zr)

1 3
= T jo ﬂerS(m, r/IN)P(m, r/A, ®)n(r) dr

(2)

where A is the wavelength, © the scattering angle, u, and pu,
the cosine of the incident and observation angles, ¢, the dif-
ference azimuth angle, m the particle refractive index, and
n(r) the searched size distribution. The scattering coefficient
Q°(m, r/\) and the phase function P(m, r/\, @) are derived
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from Mie theory computations by assuming spherical particles
[Van de Hulst, 1957].

Because there is too much correlation between the separate
measurements, (1) is generally ill-conditioned and inversion
may lead to unstable solutions, several methods were devel-
oped to overcome the difficulties. One can quote the con-
strained linear inversion method [King, 1982], the relaxation
method [Chahine, 1972], statistical methods [Rodgers, 1976] or
neural networks approach [Ishimaru et al., 1990].

Instead of these classical inversion methods, an attractive
alternative approach is the “lookup table” (LUT) approach.
Radiative transfer calculations are precalculated for many val-
ues of the parameters, then results are compared with mea-
surements until the best “fit” is obtained. This type of method
is called the pseudoinversion method. The main shortcomings
of such methods are (1) the database has to be very large for
simulating all the possible conditions and (2) it is difficult to
estimate the sensitivity of the aerosol inversion to the input
parameters. There is also an additional problem that is the lack
of uniqueness in the solutions, but this is a problem with all
inversions. In the present study, as the spectral variation is
known to be smooth, some channels may be correlated and this
will help us to overcome the first shortcoming by reducing the
database. There is a classical tool largely used in statistical
methods to remove the intercorrelated observations and to
extract the uncorrelated and independent variables called the
principal component analysis (PCA). Such an approach could
be very useful since, in addition, it will give us in an unbiased
way the number of parameters that can be retrieved and thus
will overcome the second shortcoming of the LUT approach.

2.2. Database

The remote sensing procedure is based on a database that
should be representative of the possible range of aerosol mod-
els. As pointed out by Whitby [1978] and Junge [1963], an actual
size distribution comes from the sum of single modes. To
simplify the sensitivity study, the selected aerosol models have
a single mode only. In section S it will be shown that there is an
equivalency between the optical properties of a combination of
several modes and a representative single mode.

From previous works we can reasonably assume that aerosol
size distributions follow a lognormal distribution defined by

dN (r) N { (logr — log rm)z}
expy ———5 73—

n(r) = = = Gm 2.3 207

©)

where N is the density number, r,, the median radius, and o
the standard deviation of log r.

The range of possible values for r,, and o is taken from
d’Almeida et al. [1991] who give in their Table 4.2 an overview
of the variability of the aerosols properties,

0.001 um <r,, <10.0 pm Alogr,, = 0.1 (4)

0.20<0<0.50 Ao =10.01

It covers the full radius range observed in maritime region
[Hoppel et al., 1990] of 0.03 and 0.10 um for sulfate particles
and 1 um for the sea-salt particles, as well as the Saharan dust
over the equatorial North Atlantic Ocean [Jaenicke and Schiitz,
1978; Prospero, 1981], between 0.05 um and several microns.

The aerosol composition depends on the origin of the aero-
sols. As a result, the range of possible refractive index values is
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quite large. Most of our study is performed with the following
value:

m=m,— in; (5)

where the real part m, is equal to 1.45 and the imaginary part
n; = 0.0. For an additional sensitivity study we selected
1.55 = m, = 1.40 and 0.100 = n; = 0.0.

Computations of aerosol radiative properties have been per-
formed for the MODIS spectral bands. The MODIS instru-
ment has been described previously [Salomonson et al., 1989;
King et al., 1992]. There are seven spectral bands that are
potentially useful in the remote sensing of aerosols, two in the
visible (0.470 to 0.555 um), two in the near infrared (0.659 and
0.865 um), and three in the short-wavelength/medium-
wavelength infrared (1.240, 1.640, and 2.130 pm).

3. Principal Component Analysis

In this section we briefly review the principal component
analysis, following by a discussion of the number of principal
components needed to restore the spectral properties of the
aerosol reflectances in the presence of radiometric noise of the
MODIS instrument. We show that the relevant first two prin-
cipal components can be represented by a combination of the
spectral angstrom exponents.

3.1. Mathematical Description

Instead of using reflectance values, it is more relevant to
work with quantities that are similar to angstrom coefficients
since angstrom coefficients defined from the spectral optical
thicknesses are, for instance, directly connected to the Junge
parameter for a size distribution represented by a power law
[Junge, 1963]. They are herein defined by

A( 59 v (bv) /\
(s py, ¢,) = log {%m}/bg {0.865} (6)

where the reflectances are normalized to the reflectance at
A = 865 nm.

The a,(u,, 1., ¢,) for a specific geometrical condition can
be derived from the reflectance values given in (2). For a
single-scattering approximation they are independent of the
absolute value of 7, and only dependent on the spectral vari-
ation of 7 and P(m, r/A, ®): They are used to construct a
matrix [a] with a number L of columns that corresponds to the
number of wavelengths A and with a number N of rows that
corresponds to the number of aerosol models. Each of the a,,'
elements is the a, value for the spectral band | and for the
aerosol model n. Thirty-one values of o and 41 values of r,,, are
used, so N = 1271 models are considered for one refractive
index.

It is expected that some of the matrix elements are intercor-
related and less than the N*L elements are needed to rebuild
the [a] matrix. The well-known technique for performing such
a reduction in the data amount is the principal component
analysis (PCA), also called sometimes the empirical orthogo-
nal function (EOF).

Any N*L matrix with N = L can be rewritten

[a] = [A]{A}[P] (7

where [A] is a column-orthogonal matrix (same shape as [a];
that is, N*¥L), [P] is an orthogonal square matrix (L*L), and [A]
is a diagonal matrix (L*L). Eq (7) corresponds to a singular
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Table 1. Characteristics of the MODIS Channels Used in
the Present Study
Center Maximum

Wavelength NeAL NeAp Reflectance
470 0.145 235%x107* 0.96
550 0.127 211 X 107* 0.86
659 0.169 339 x107* 1.38
865 0.123 3.99 X 107 0.92
1240 0.045 312 %107 0.47
1640 0.027 3.63 X107 0.94
2130 0.009 3.06 X 107 0.75

value decomposition. The matrices [A] and [P] are orthogo-
nal, which means

[A'T[A] = [P'][P] = [I] (8)
with [I] the identity matrix.
From (7) and (8),
[a[a] = [P] {A}? [P] )]

which means that P and A? are the eigenvectors (or principal
components) and the eigenvalues of [«'] [a]. The eigenvalues
are the variances of the projection of the points along each of
the principal axes.

Matrix [A] is given by

[A] = [@]1/{A}? [P]! (10)

[P] and [A] are obtained by solving (9), [A] by solving (10);
so each matrix element o/, of the matrix [a] can be written

L K K
[al]= D2 AMAP]= 2 A4 [P]= D[Pl [P (11)

j=1 j=1 j=1

where [4%] is a column matrix with N elements, [P}] is a row
matrix with L elements, and K is the number of principal
components. P} are the principal components and p’, are the
loadings of the nth model on the jth principal component. As
the useful spectral information is contained in less spectral
bands than the original L number, K values A; only are signif-
icant (equation (11)). This results in K(N + L) elements only,
instead of N*L elements of the original matrix [e]. If the value
of K in (11) is smaller than N*L/(N + L), we clearly recon-
struct the initial database with a “sufficient accuracy” but with
less data amount (the notion of “sufficient accuracy” will be
discussed below). The new coordinate system, by means of
orthogonal transformation, gives us a set of uncorrelated com-
ponents.

Finally, from the Mie theory the 6 X 1271 angstrom coeffi-
cients, i.e., the 6 X 1271 elements o, are computed according
to (2) and (6). Then, the inversion scheme is applied using (9)
and (10) and the principal components P and the loadings p/,
are derived.

3.2. Number of Significant Components

How many components K are significant is the key point of
the present study since it will define the number of parameters
we can expect to retrieve. We selected typical observation
conditions (that we call standard case in the next sections): the
solar zenith angle is 45°, satellite observations are at nadir, and
the refractive index of aerosols is 1.45-0.000i; similar results
were obtained in other conditions. As already mentioned, the
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method is applied to MODIS and so we use the seven MODIS
solar bands reported in Table 1. Note that in this section, for
mathematical convenience, the computations are performed
using the normalized angstrom coefficients (which gives an
average of 0 and a variance of 1.0); that is,

o), — (a
o = Agf )

(12)
where (a,) is the mean value of the angstrom coefficient and o,
the standard deviation over the selected database.

The values of the eigenvalues for the selected data set are
reported in Table 2. The table shows that most of the variance
is given by the two first components and most of the spectral
dependence is restored by these two components, so the prob-
lem is well conditioned since we have two input parameters. To
confirm the ability of the two first components to restore the
spectral information, we plotted in Figure 1 the normalized
reflectances Ry coming from the single-scattering approxi-
mation and R3P given by

i pl);(I‘LSi l“l“l)’ d)v)

= 13
* Pass(bss Mo D) (13)

as a function of the wavelength, for several values of r,,, and o.
For clarity the angular dependence is omitted. The reflec-
tances p;°P have been computed by using the two first principal
components. For all the standard deviations o of the size
distribution in Figure 1, 0.20, 0.35, and 0.50 (Figures 1a, 1b, 1c,
respectively), the agreement is quite good for all the three
values of r,,,, 0.01, 0.10, and 1.00 um. Differences between
the exact normalized reflectances and the reflectances restored
from the two first components are also reported in Table 3.

The “quality” of the restitution as a function of the number
of the principal components, K, is defined by

2q1/2
exact __ _acp

Pxi Ai
A =
(N,\ _ 1) )\E pexact

-1 i

1 Na

(14)

where p$® is the exact reflectances, pi* is computed for K = 1,

2,0r3, and N » is the number of available wavelengths, i.e., 6,
since the 0.865-um channel is used for normalization. In Fig-
ure 2 we plotted isolines of A in a r,,-o plot. In Fig. 2a, where
we considered the first principal component only in calculating
A, the error A is generally larger than 5% and can be as large
as 20% for large r,,. An interesting point that needs to be
noted is that the error has a “rippled” behavior and that for
some coupled values of 7,, and o the error may be quite small,
less than 1%, even with one component. That means that it will
be difficult to retrieve more than one parameter in such con-

Table 2. Values of Eigenvalues for the Standard Case

Normalized Relative

Eigenvalues Contribution
First 5.95334 0.99222
Second 0.04585 0.99986
Third 0.00076 0.99999
Fourth 0.00004 1.00000
Fifth 0.00000 1.00000
Sixth 0.00000 1.00000

The aerosol refractive index is equal to 1.45 with no imaginary part,
and the scattering angle is equal to 135°.
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ditions. Using two components leads to an error that is always
less than 5% for any values of r,,, and o (Figure 2b) and around
1% for broad size distributions (o > 0.35) and r,, less than. 1
wm. An accuracy of 1% may be achieved for any size distribu-
tion included in the database, specially for narrower distribu-
tions and larger radiuses by considering the first three compo-
nents (Figure 2¢). The third component may be so needed in
specific conditions to supplement the first two components.
That means that the new coordinates we found are not com-
pletely independent in such cases.

What is the impact of the radiometric noise? To answer this
question, we use the MODIS spectral radiometric noise re-
ported in Table 1. The error in the spectral dependence due to
the radiometric noise is given by

2712

1 % NeAp,
(NA - l) A=1 p)u‘

Anoise — (15)

The A values are quite similar to the isolines reported in
Figure 2 and can be directly compared to them; A"*® depend
on the absolute values and spectral properties of the reflec-
tances. In Table 4, values of A™**® computed for several values
of a, are shown. They were computed assuming that the re-
flectance at 865 nm is equal to 0.01. Depending on «,, the
radiometric noise is between 3 and 10%, increasing for stron-
ger spectral dependence. Comparing those values with the
isolines in Figure 2, it is quite evident that the second compo-
nent may be within the noise level and that in some specific
conditions only one component needs to be used. The pres-
ence of other sources of errors (e.g., calibration or white caps)
will strengthen this conclusion. The results of the present anal-
ysis depend on the reflectance value at 865 nm; for smaller
reflectance values, as 0.001, one component only can be re-
trieved whatever the size distribution is, but reflectance of 0.01
at 865 nm is more typical and corresponds roughly to an aero-
sol optical thickness of 0.15. We shall discuss again that point
in the error budget section.

3.3. Meaning of Components

We showed that the spectral dependence in the seven bands
of MODIS of any of our aerosol models is a combination of
two components. The two first principal components, which
are P; and P} in (11), are plotted in Figures 3a and 3b,
respectively, as a function of the wavelength in our standard
case m = 1.45 and ® = 135°. The spectral behavior of the two
components is so representative of an aerosol model that re-
stores our 1271 spectral behaviors depending on the loadings
p} and p2 (equation (11)).

Let us now examine these loadings. From physical consid-
eration the first loading pl should be related to a quantity
representative of a mean angstrom exponent over the solar
spectrum and the second one p? to the difference between the
“visible” and the “infrared” exponents. All combinations of the
spectral bands were performed and we selected the wave-
lengths that gave us the best correlation. The following com-
binations of the angstrom exponents were found to optimize
the pl and p2 values;

(1) the first loading p, (K = 1) can be represented by ag,p,

a659(”~‘x? o> d)v) + a1240(”'s: Moy d)'u)

Agym = 3 (16a)

(2) the second loading p2 (K = 2) by agg

19,047
10 T T .
F (a)
< L exact
~ - . acp
g w0k E
o -
m -
8 -
(3] L
2 i
St
& 10° L R =1.00um |
o) F
15 -
& C
= _
<
" R_=0.10um |
E 0F =02 "
2 F m =1.45
- R_=0.0lpm
L m
102 L . | . L
04 05 0.6 0.70.8091 2 3
10" ———— K .
E (b)
i c=0.35
™ i m =145
W - 1
g Rm =1.00pm
g 0y E
o - ]
2 r R =0.10um]
] I ]
m o
—U -
8
—= 10" | - =
IS - exact R, =0.01pm7
£ -
o I . acp
Z I
-2 e . .
04 05 0.6 0.70.809 1 2 3
10! ————— . .
[ (o) exact
< s
~ i
) . acp
Y N
=1
m .
8 |
g R =1.00um
5
100 1 R _=0.10um ]
o] : 1
Q -
N [
=
i R_=0.0lum ]
£ ! 6=0.50 " ]
o m =1.45
Z |
0! — - :
04 05 0.6 0.70.80.9 1 2 3
Wavelength (um)
Figure 1. Normalized reflectances as a function of the wave-

length for the exact reflectances p***** and the reflectances
computed from the two first components p®?* for three values
ofr,, (0.01, 0.10, and 1.0 um) and a refractive index of 1.45;
three values of o have been considered: (a) o = 0.20, (b)
o = 0.35, (c) o = 0.50.
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Table 3. Absolute Differences Between Exact Normalized Reflectances (eq (13)) and Normalized Reflectances Restored by

Using Two First Components only

o =020 o =035 o =050
A
(pnm) 0.01 um 0.10 um 1.00 pm 0.01 pm 0.10 um 1.00 pm 0.01 um 0.10 um 1.00 pm
0.470 0.035 0.030 0.015 0.001 0.001 0.001 0.001 0.001 0.001
0.555 0.002 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.659 0.003 0.010 0.007 0.000 0.000 0.000 0.000 0.000 0.000
1.240 0.001 0.002 0.014 0.000 0.001 0.002 0.000 0.001 0.002
1.640 0.000 0.001 0.002 0.000 0.000 0.001 0.000 0.001 0.001
2.130 0.000 0.001 0.034 0.000 0.001 0.006 0.000 0.002 0.005

Three values of the median radius r,, and three values of the standard deviation o are reported.

Qaig = 130( g Moy Do) — aro( by, Moy ¢’u) (16b)

In Figures 4a and 4b we, respectively, plotted o, as a
function of p. and ayyg as a function of p2, for the same
standard case, m = 1.45 and ® = 135°. The quantities are
perfectly correlated as expressed by the equations reported
within the figures. Similar results are obtained for other geo-
metric conditions and other refractive indices.

Finally, the 6X1271 angstrom coefficients can be simply writ-
ten, as given in (17), for instance, at 470 nm and for the nth
aerosol model,

agsy T af
0 659 1240
0‘:7 = { 7 } X P}wo + {a%30 — ain} X Pzzwo (17)

The spectral information is included only in two combinations
of the angstrom coefficients, a,,, and ag;s These two quanti-
ties will be exclusively used in the next section and will be
improperly named first and second components to keep in
mind their meaning.

4. Inversion Scheme

The principal component analysis pointed out which spectral
bands (or a combination of bands) carry information regarding
the size distribution. The next step is to determine the param-
eters of the size distribution we can expect to retrieve with
their corresponding accuracy.

4.1. Results

For a given refractive index the aerosol model is described
- by two independent parameters (section 2.2), the median ra-
dius r,, and the standard deviation o of the size distribution.
As the spectral dependence within the solar spectrum is ex-
pected to be restored with two principal components, the prob-
lem seems very well conditioned and the two parameters
should be derived. '

In Figure 5a, a plot of the second component (represented
by ays) versus the first component (represented by a,,,) is
shown for several values of r,,, and o. Three isolines are plotted
by solid lines for fixed values of the standard deviation
(o= 0.20, 0.35, and 0.50) and six isolines are plotted by dotted
lines for fixed values of r,, (0.001, 0.01, 0.05, 0.20, 0.50, and
1.00 pm). The scattering angle is ® = 135° and the refractive
index is 1.45°.

This figure can be used to demonstrate inversion of the aerosol
size distribution from the measured spectral radiances. To illus-
trate it, we consider measurements with spectral properties that
correspond to a first component equal to zero (ag,,,, = 0.0). From
the plot in Figure 5a we have several solutions which are located
on the vertical line, like {r,, = 0.50; o = 0.20} or {r,, = 0.20;
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for several numbers of principal components: (a) 1, (b) 2, and
(c) 3, respectively. The refractive index is equal to 1.45.
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Table 4. Uncertainty in the Spectral Dependence of the
Reflectance Due to the Sensor Radiometric Noise, As

Computed by Equation (15)

19,049

y = -4.7361e-06 + 0.99999x R= 0.99989

@ AN°se Bquation (15)
-2.0 0.0980
-15 0.0685
-1.0 0.0500
-0.5 0.0393
0.0 0.0341
0.5 0.0331

The reflectance at 865 nm is 0.010.

o = 0.35}, or even {r,,, = 0.05; o = 0.50}. The second component
(i) is then helpful to discriminate between the different solu-
tions: a value of —1.0 corresponds to a solution of large and
narrowly distributed particles (r,, = 0.50; o = 0.20), while —0.3
leads to a solution of smaller particles (r,,, = 0.05) but with a wider
distribution (o = 0.50). Similar analysis could be done for a first
component a,,, around —2.0. However, if ag,, is —1.0, the
previous analysis fails since the curves cross each other and there
is no evidence that one solution is better than another.

The last example shows that in some cases the two param-
eters of the size distribution cannot be retrieved. Therefore it
is worthwhile to find a single parameter that may contain most
of the physical information that can be derived from the in-
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Figure 3. Principal components P/ as a function of the wave-
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Figure 4. Correlation between the loadings p/, and the com-
binations of the angstrom exponents. The refractive index m is
equal to 1.45. The scattering angle 6 is 135°. (a) Correlation
between the first loading p. and the mean angstrom exponent
ag,m (see eq (16a)), (b) correlation between the second load-
ing pZ and the ay;y (see eq (16b)).

version. As suggested by Van de Hulst [1957] and extensively
used by Hansen and Hovenier [1974], we use the optical effec-

tive radius r.; defined by
j ru(r) dr
0

R (18a)
j r’n(r) dr
0
for a lognormal size distribution, 7.4 is given by
Feg = I'y €Xp (2.5 In%0) (18b)

leading different combinations of r,, and o to identical values
of rg.

The isolines of 7. and o in Figure 5b are closer to ortho-
gonal than the isolines of r,, and ¢, which means that 7.4 and
o are more independent. For some values, r s isolines are
almost orthogonal to ag,,,, which means that 7.4 is the right
parameter from the first component. For example, considering
the previous conditions for a first component equal to 0
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Figure 5. Contour lines of equal standard deviation o and of
equal (a) r,, and (b) r.g values in a scatter diagram. The x axis
corresponds to the first component (ay,,,) and the y axis to the
second component (o). The refractive index m is equal to
1.45. The scattering angle 6 is 135°. The values of ¢ isolines are
0.20, 0.35, and 0.50 in Figures 5a and 5b. (a) The values of r,,,
isolines (dashed lines) are 0.001, 0.01, 0.05, 0.20, 0.50, and 1.00
pm. The solid circles correspond to actual intersections of both
isolines, other apparent intersections are not real but rather a
two-dimensional display of a three-dimensional dependence.
(b) The values of r.g (symbols) are 0.025, 0.050, 0.10, 0.20,
0.40, 0.80, 1.50, 3.00, and 5.00 um.

(%yum = 0.0), which are not favorable conditions for inverting
the size distribution, we now may derive a value of r, between
0.8 and 1.5 um. The discrimination is even possible by using
the second component, ay; = —0.5 corresponding to a broad
size distribution with r g = 1.50 wm; oy values around —1.0
correspond to a narrow size distribution with r.g close to 0.8
pm. Values of a,,, around 1.0 correspond to a fairly large
range of possible values of 7.4, between = 1.5 and 5.0 wm; the
second component may provide additional information for dis-
crimination between particles of 7.z = 1.5 or 3.0 or larger. If
the spectral measurements give ag,,, = —1.0, the effective
radius is the only parameter we can expect to retrieve since
there is no information about aerosols given by a,. Here the
determination of r.; can be done within a factor of 2. For
smaller particles with ay,,, = —2.0, r.; may vary by a factor of
4, between 0.025 and 0.10 wm; the second component may help
us to reduce this uncertainty by a factor of 2.

Figure 6 illustrates why the spectral reflectances are less
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good than the spectral optical thicknesses to retrieve the aero-
sols size distribution. The spectral dependence of both quan-
tities is plotted for several values of r,, and o. Some of the
reflectance curves are superimposed or cross each other (Fig-
ure 6b). On the other hand, for very large particles (r.z > 1.7),
when the optical thickness cannot provide any information, the
use of reflectances may be more effective. The present results
lead us to examine if there are optimum geometrical condi-
tions for remote sensing of particle size, and if these conditions
depend on the particle size being retrieved. As already pointed
out by Koepke and Quenzel [1979], the variability of the satellite
radiances with the aerosol models is depending on the view
geometry.

4.2. Optimization of Geometrical Conditions

The isolines of r.¢ are plotted for two additional scattering
angles, ® = 102° (Figure 7a) that roughly corresponds to the
maximum possible forward direction while still avoiding glint
effects on the sea surface, and ® = 169° that corresponds to
backward directions (Figure 7b).

It is clear from Figure 7a that scattering angles around 100°
(Figure 7a) are quite well adapted for medium size particles
(between 0.1 and 0.8 um); however, these scattering angles
cannot be used with sufficient confidence for larger particles.
On the other hand, backscattered directions are particularly
unfavorable for retrieving particles with an effective radius
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Figure 6. Spectral dependence of (a) the aerosol optical
thickness and (b) the aerosol reflectance over the MODIS
spectral bands for several size distributions. The normalization
is done at 470 nm for the purpose of clarity. The refractive
index m is equal to 1.45. The scattering angle 6 is 135°.
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Figure 7. Contour lines of equal standard deviation o and of
equal 7.4 values in a scatter diagram. The x axis corresponds to
the first component (eg,,,) and the y axis to the second com-
ponent (agg). The refractive index m is equal to 1.45. The
scattering angle 6 is 135°. The values of o isolines are 0.20,
0.35, and 0.50. The values of r.g (symbols) are 0.025, 0.050,
0.10, 0.20, 0.40, 0.80, 1.50, 3.00, and 5.00 um. (a) For a scat-
tering angle equal to ® = 102°, (b) for a scattering angle equal
to @ = 169°.

between 0.2 and 0.8 wm, but they are quite suitable for large
particles r.z > 1.5 um. Previous conclusions for very small
particles are unchanged.

As the expected size distributions over ocean correspond to
medium size particles, the retrieval will be better performed
for scattering angles around 100° but with the constraint of
avoiding the glint. Depending on the geometrical conditions,
the size distribution, by use of 7. and of the standard deviation
o for some specific conditions, can be retrieved within a factor
of 2. The accuracy can be different when instrumental noise is
considered, as shown in the next section.
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4.3. Error Budget

The radiometric noise has an impact on the aerosol size
distribution retrieval. The retrieval is also sensitive to errors in
the absolute and spectral calibration, but these are not consid-
ered in the present analysis. We computed the errors Ax on the
angstrom exponent as deduced from the spectral reflectances

1

G- GE)) o

ln( %g
where the errors Ap, are due to the radiometric noise of the
MODIS instrument (Table 1). The results are reported in
Table 5 for a typical reflectance at 865 nm, pges = 0.01. The
resulting errors in the two principal components are given by

Dagm = {(Aagso)® + (Aain)}? (20a)

Apgss

a
P 865

Aa,= —

Aagg = {(Aa470)2 + (Aamo)z}m (2Ob)

Values of the radiometric noise given in Table 5 are the
nominal values and can be reduced by deriving the size distri-
bution from an average of an array of pixels. A 5 km X 5 km
resolution, i.e., 100 MODIS pixels, is a good compromise. If
the cloud cover is 70% in average, we still have 30 pixels within
the box which are cloud free. As the algorithm rejects the third
of the pixels that are the brightest for ensuring a perfect cloud
screening and the third that are the darkest for the possible
associated shadows, there are, on average, 10 available pixels
for retrieval and the errors in Table 5 may be reduced by a
factor of 3. These reduced errors are the values that we use in
this section. To illustrate the impact of the radiometric noise
on the retrieval, we also considered additional values of the
reflectance at 865 nm, 0.002, and 0.050 that correspond to
extremely clean and turbid conditions, respectively.

The results of Figure 7a are plotted again in Figure 8a in a
different way. For several values of r 4 (0.05, 0.10, 0.20, 0.40,
0.80, and 1.50 um) we plotted the whole range of possible
values of ag,,,, by straight lines that reasonably correspond to
extreme values of o with some overlapping between them. A
small extent means that «,,, is quite independent of the stan-
dard deviation (the effective radius is the only independent
parameter); a large extent means that for the same value of the
effective radius, o, is quite dependent of o. Overlapping
between the ranges for several values of r.; means that the
effective radius is not accurately determined by using o,
only. For instance, a value of ag,,, = —0.70 indicates that the
effective radius is quite well determined (r.z = 0.40 um) in-
dependently of o; a value of ag,,, = —1.40 indicates that the
effective radius may be 0.10 um with a broad size distribution
(o = 0.50) or 0.20 wm with a very narrow size distribution (o
= 0.20). If the radiometric noise is not considered, the retrieval

Table 5. Errors (Absolute Values As Expressed in Equations (19) and (20)) in Spectral Angstrom Exponents and in Two

First Components Due to MODIS Radiometric Noise

Aayyg Aassy Aagso Aatypq0 Actyeq0 Aay39 Acgm Aayig
a = —2.00 0.022 0.042 0.112 0.289 0.303 0.338 0.310 0.339
a = —1.00 0.041 0.065 0.147 0.202 0.160 0.137 0.249 0.143
a = 0.00 0.076 0.102 0.192 0.141 0.084 0.056 0.238 0.094
a = 1.00 0.140 0.159 0.253 0.098 0.044 0.023 0.271 0.141

Four spectral dependencies are considered. The reflectance at 865 nm is 0.010.
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Figure 8. Length of the first and second components for
different effective radiuses. The refractive index m is equal to
1.45. The scattering angle 60 is 102°. (a) Corresponds to the first
component ag,,; the dashed boxes correspond to the errors
for three values of o, and three values of pggs. (b) Corre-
sponds to the second component a,4; the dashed boxes have
been replaced by solid lines.

of the effective radius is well performed for particle size be-
tween 0.2 and 0.8 um. The dashed boxes reported at the top of
Figure 8a show the errors Aqg,, due to radiometric noise.
Note that the error is not very dependent on the size of the
particles since the extent of the boxes are similar for the three
values of ay,, . For medium turbidity conditions (pges = 0.010)
an accurate inversion can be performed, though not so accu-
rate as for pges = 0.050. For very clean conditions the size
distribution cannot be retrieved since the wide range of the
dashed boxes for pges = 0.002 almost completely masks the
effect of particle size.

We performed a similar study for a4 (Figure 8b). Here the
extent of the error bars is more dependent on g, values since
the error is twice larger for —2.0 than for —1.0. Once the value
of r ¢ is determined from a,,,,, the second component may be
used to discriminate between narrow and broad aerosol size
distributions; the accuracy of the retrieval of o depends on the
r.i values. The second component is useless for getting any
additional information on the effective radius; for very broad
size distribution (o = 0.5), a4 varies between —0.4 and —0.3
only (which is the uncertainty resulting from the radiometric
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noise for medium turbidity conditions), when r g varies be-
tween 0.05 and 1.50 wm. In summary, the second component
can bring additional information on the width of the size dis-
tribution as long as the turbidity conditions are not too low.

44.

The refractive index of the particles adds additional uncer-
tainty in the retrieval scheme since its value is not precisely
known. To estimate the impact, we compare the two compo-
nents, ag,, and oy, for several values of the real (m,) and
imaginary parts (m;) of m.

In Figures 9a and 9b we plotted the difference between o,
and age for m = 1.45 and 1.40, as a function of the effective
radius, for three values of ® = 169° 135°, and 102°. It is inter-
esting to notice that again, the optimum geometrical condition
(0 = 102°) is less affected by the value of the refractive index.
It is still true for larger uncertainties on m, (1.55 and 1.45 in
Figure 10) although the resulting errors become significant. It
may perturb the retrieval since the corresponding error is com-
parable to the radiometric noise for medium turbidity condi-
tions. The imaginary part has no impact on the retrieval (Fig-
ure 11) as long as particles are small (ro < 0.1 pm). If

Impact of the Refractive Index
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Figure 9. Differences between the first and the second com-
ponents computed for two refractive indices, 1.45 and 1.40, as
a function of the effective radius, 7.4 The reference case is m
= 1.40. Each plus corresponds to one of the 1271 size distri-
butions. Three geometrical conditions are considered: 6 =
102°, 135°, and 169°. (a) Corresponds to the first component
Ogm, (D) corresponds to the second component o
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particles are larger (r.g ~ 1.0 um), the impact is still negligible
when they are not very absorbing (m; = —0.02).

5. Discussion

We used several assumptions in the present sensitivity study:
(1) the aerosol size distribution is represented by a single mode
following a lognormal distribution; (2) there is no account for
errors resulting from the extraction of the aerosol signal from
the satellite data; and (3) particles are assumed to be spherical.
In addition, all the computations were performed assuming
that the single-scattering approximation is valid. The impact of
these assumptions is briefly examined in the following section,
but it may require an additional study that will be given in a
forthcoming paper.

5.1. Bimodal Size Distribution

The aerosol model was described with a single lognormal,
while a bimodal aerosol model might be more representative
of the actual conditions. Assuming that there are two modes
with a fixed mode of small particles that corresponds to the
accumulation mode, we performed a sensitivity study for dif-
ferent radiuses of the second mode considering the following
simplifications: (1) the two modes have the same standard
deviations and (2) the refractive index is the same for the two
modes (m = 1.45-0.000:). The scattering angle of 102° was
selected.

The resulting size distribution can be written
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Figure 10. Same as in Figure 9 except m = 1.55 and 1.45.

The reference case is m = 1.45.
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Qqif-

2

dN (r) dN; (r)
n(r)=—4—= 21 P (21a)
i-
where dN; (r)/dr is given by (3); that is,
dN; (r) N; (log r — log r,,)*
dr ~ @0 P T 207 (210)

with o; = o, = 0.30. The median radius of the first mode r,,,
is equal to 0.05 pum; the radius of the second mode Fony varies
between 0.05 and 10.0 um.

The mixing of the two modes is performed by weighting the
optical properties as an external mixing; reflectances are still
computed using single-scattering approximation. The density
number N; of each mode is computed for different values of
the ratio of reflectances at 865 nm; that is,

del
plseee)

R = —odeny 1 (modez
PR+ pae ™

(22)
the total density number (N = N, + N,) corresponds to 1
particle per volume unit. Therefore R = 0.90 means that 90%
of the reflectance at 865 nm is provided by the first mode.
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Figure 12. Aerosol size distribution for different R ratios. The median radius of the first mode is 0.05 um;
the second mode is centered at (a) 0.20 um, (b) 0.63 um, (c) 2.00 um, and (d) 6.31 um, respectively. The

standard deviation is o = 0.30 for the two modes.

Four values ofr,,,, (0.20, 0.63, 2.00, and 6.3 um) and four
values of R (1.0, 0.9, 0.5, and 0.1) were selected. The corre-
sponding size distributions are reported in Figure 12. The
spectral reflectances p3i™°? were computed for several combi-
nations of the selected values of 7,,,, and R: R = 0.10 for (1)
Ym, = 0.20 pm, (2) r,,,, = 0.63 pm, and (3) 7,,,, = 2.00 pm,
then R = 0.90 for (4) r,,,, = 6.30 um; oy, and ayy are
plotted in Figure 13 as a function of r,,,, for the three values of
R: 0.9, 0.5, and 0.1; the arrows correspond to the selected
cases. Cases (2) and (3) give the same ag,,, (Figure 13a) but
different values of a4 (Figure 13b). Obviously, case (1) cor-
responds to a size distribution very similar to the single mode
(Figure 12a), while case (4) corresponds to a strong bimodal
size distribution (Figure 12d) but with a comparable a,,, value
(Figure 13a).

When the first mode is contributing up to 90% of the total
reflectance, the first component (Figure 13a) is not very af-
fected by the presence of the second mode; it varies between
—1.28 and —1.07 only. The second component depends more
on the radius of the second mode since it varies between —0.7
and —0.25. For R equal to 0.5 and 0.10, the first component is
affected as soon as r,, is larger than 0.10 um. On the contrary,
the second components are quite similar for both values of R.
The presence of a second mode sufficiently affects the spectral
reflectances; the visible and infrared slopes are different even
for R = 0.90.

The goal is now to see if there is any single-mode size
distribution that can restore the spectral behavior given by two
modes. So, the algorithm using single modes is applied to the
spectral reflectances p5™°9, The single size distributions have

to be passed by the following tests:

Botgym = Abs{alimd—gsie} < 0.10 (23a)

Badiﬁ = Abs{ag%gmd - (Xzii‘}g} < 005 (23b)
where the threshold values, 0.10 and 0.05, have been chosen to
correspond to the radiometric noise given in Table 5, assuming
there are 10 perfectly clear pixels within a box of 10X 10 pixels.
The threshold 8oy = 0.05 is slightly overestimated for
a = —2.00, but our selection of input size distributions mostly
corresponds to « values between —1 and 0.

Several solutions passed both tests, but only the size distri-
bution that minimizes the quantity

€= [{Sasum}2 + {Sadi!f}z]l/2 (24)
is reported in Figures 14-17.

Figure 14 shows case (1). As expected, the spectral depen-
dence is not sufficiently affected and a single mode with
7., = 0.125 um and a standard deviation o = 0.34 perfectly
restores the spectral dependence. Cases (2) and (3) are a good
illustration of the utility of ay since it allows to retrieve two
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different single-mode size distributions for identical values of
oy, (Figures 15 and 16). More surprising are the results in
Figure 17 since a single equivalent size distribution corre-
sponding to very small particles r,, = 0.0063 pwm with a very
large standard deviation gives a quite similar spectral behavior.

These results confirm the difficulty of getting the right solu-
tion since the shape of the actual size distribution does not put
sufficient constraint on the reflectances over the MODIS spec-
tral range. In addition, there would be several solutions in our
database that would give the right spectral variations, as re-
ported in Figure 18. For cases (1), (3), and (4), £ was computed
for all the single size distributions included in the database and
plotted as a function of 7.4 Clearly, the solution is not unique
since there is no real information for e values less than 107",
Nevertheless, cases (1) and (3) give a rather sharp function,
which allows an accurate determination of r.g; case (4) gives a
broader distribution of possible 7.4 values. It means that the
retrieved values are consistent although they do not corre-
spond to the input value.
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Figure 13. First and second components as a function of the
median radius r,,,, of the second mode. The median radius r,,
of the first mode is 0.05 wm. Both modes have the same standar
deviation, o = 0.30. Three ratios are considered: R = 0.90, 0.50,
and 0.10; R = 0.90 means that 90% of the reflectance at 865 nm
is provided by the first mode. (a) Corresponds to the first com-
ponent g, (b) corresponds to the second component a ;.
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Figure 14. (a) Size distribution of the bimodal model (lines)
used in the simulation compared to the size distribution of the
single mode (circles) which restores the spectral reflectances.
(b) Simulated (lines) and restored (circles) spectral reflec-
tances. The input size distribution is defined by r,, = 0.05
pm, 7, = 0.20 um, and R = 0.10. The refractive index m is
equal to 1.45. The scattering angle 6 is 102°.

5.2. Extraction of the Aerosol Signal

There are several contributions to the satellite signal: phod-
tons scattered by aerosols particles and molecules, photons
transmitted or scattered by the atmosphere, reflected by the
ocean and transmitted or scattered again through the atmo-
sphere to the sensor. The Fresnel ocean surface reflectance
[Cox and Munk, 1954], reflectance due to chlorophyll pig-
ments, and sediments within the water [Morel and Prieur, 1977,
Gordon 1979], and the reflectance of white caps or foam [Whit-
lock et al., 1982; Koepke, 1984] are perturbing terms that have
to be subtracted for getting the atmosphetic component. Theti,
the molecular (or Rayleigh) scattering has to be removed for
extracting the aerosol spectral reflectances. As the different
contributions are spectrally dependent, some channels might
be more suitable than others. For instance, although the blue
channel (470 nm) is very attractive since it corresponds to tlie
shortest wavelength, it is very contaminated by ocean reflee-
tance and the additional information it provides, as compared
to the 550 channel, may be lost because of the larger noise
level. In addition, there is a coupling term between molecules
and aerosol scattering at 470 nm [Deschamps et al., 1983] which
makes the extraction of the aerosols signal even more difficult.
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Figure 15. Same as in Figure 14 except for r,,,, = 0.63 pm.

Regardless, the order of magnitude of the errors in each
spectral band involved in the extraction, the impact of drop-
ping wavelengths from the data set used in the retrieval, is
shown in Figure 19; oy is plotted versus o,,, for several
values of the two parameters 7.; and o in a similar way than in
Figure 7a where bands 659 and 1240 nm were used for com-
puting ay,,,, and bands 470 and 2130 nm for computing a;g In
Figure 19a, ay;4 is computed from bands 550 and 2130 nm, in
Figure 19b from bands 659 and 2130 nm; a,,, is still, in both
cases, computed from the 659- and 1240-nm bands. In Fig-
ure 19c all the visible bands are dropped; ay,,, is computed
from the ‘1240-nm band only and ;s from bands 1240 and
2130 nm. The scattering angle is ® = 102° and the refractive
index is equal to 1.45.

Clearly, the blue channel, contaminated by uncertainties in
underwater reflectance and multiple scattering, is not crucial
and can be dropped due to the small differences observed
between Figures 7a and 19a. On the other hand, by reducing
too much, the spectral information leads to an ill-conditioned
problem; o and rg isolines are less and less orthogonal when
the spectral information is reduced (Figure 19b). It is quite
obvious in Figure 19c that the second component becomes
useless when the visible information is suppressed.

As a conclusion, the selection of the channels has to be
optimized and may depend on the expected quality of the
ocean water. It is well known, for instance, that coastal zones
are very turbid, which affects the reflectance at 670 nm, and in
these regions it might be better not to use this channel. To
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make a definitive statement, more accurate simulations of the
reflectances of the ocean-atmosphere system are needed.

5.3. Sphericity of Particles

The aerosol optical properties are presently described with
the use of the Mie theory that is applicable to spherical parti-
cles only. Recent studies [Mishchenko and Travis, 1993] showed
that the impact of the particles shape may be important for the
polarized light. Wiscombe and Mugnai [1988] showed that the
side-scattering region (0 = 80°-160°) is strongly affected by
nonsphericity. Koepke and Hess [1988] pointed out that scat-
tering angle of 120°, which is close to our optimal geometrical
conditions, is the angle that is the most affected by particles
shape in the desert aerosol case. A detailed theoretical study
can be found in a recent paper by Mishchenko and Travis
[1994].

As nonsphericity occurs for dry particles, we believe that the
aerosol particles over the ocean have more probabilities to be
spherical. In addition, we believe that the spectral dependence
should not be much different comparing with equivalent
spheres, but the question still needs to be addressed. Even if
we are confident in the retrieved size parameters, we should be
concerned by the determination of the aerosol optical thick-
ness that can be strongly affected by the nonsphericity effects
on the phase function computation [Mishchenko et al., 1995].
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Figure 16. Same as in Figure 14 except for r,,, = 2.00 pm.
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5.4. Multiple Scattering

The study has been performed according to the single-
scattering approximation. A complete analysis with multiple-
scattering considerations is out the scope of this paper, but a
general statement can be made. From a previous study devoted
to aerosol retrievals from AVHRR channels, Kaufman et al.
[1990] showed that the same value of the angstrom coefficient
may correspond to several combinations of the standard devi-
ation and of the effective radius in the single-scattering approx-
. imation. However, they also showed that the nonuniqueness is
eliminated by the multiple scattering that results in a smooth-
ing of the phase function effect. So, it confirms that, depending
on the geometric conditions, it is difficult to retrieve more than
one parameter, although it is better determined.

6. Conclusion

Information on the aerosol size distribution contained in the
reflected solar spectral radiances detected over the oceans can
be reduced into two quantities: (1) a mean angstrom exponent
computed over the 659-nm and the 1240-nm bands and (2) the
difference between the near-infrared (2130 nm) and the visible
(470 nm) angstrom exponents. These quantities have been
determined in an unbiased way with the use of the principal
components. Consequently, only one to two parameters of the
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Figure 17. Same as in Figure 14 except for r,,, = 6.31 um
and R = 0.90.
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Figure 18. Errors & = [{Sagyn}> + {8ays}t?]"? as a function
of the effective radius; o, (respectively day;q) are the dif-
ferences between the o, values (respectively agy;z) provided
by the bimodal size distribution and the values given by the
single lognormal size distributions. Three different bimodal
size distributions are considered: plus, r,,,, = 0.20 pm and
R = 0.10; square, r,,,, = 2.00 pm and R = 0.10; diamond,
I, = 6.31 umand R = 0.90. The refractive index m is equal
to 1.45. The scattering angle 6 is 102°.

size distribution can be retrieved. For a single mode distribu-
tion these parameters are the effective radius of the particles
and the width of the size distribution. The accuracy of the
retrieval depends on the view and illumination directions. For
example, particles with radius of 0.2 to 0.4 um will be better
retrieved for a scattering angle of 100°. The backscattered
directions are more sensitive to larger particles. Accurate
knowledge of the refractive index, real and imaginary parts, is
not critically important for the retrieval as long as the retrieved
particles are smaller than 1.0 wm. This result also holds better
for scattering angles around 100°. An error budget shows that
very clean conditions are not suitable for getting any informa-
tion on the aerosol size distribution.

A surprising result of this investigation is that the spectral
reflectance of a bimodal-lognormal distribution can be simu-
lated very well with spectral reflectance of a single lognormal
with an appropriate radius and width of distribution, o, that do
not necessary correspond to an average of the bimodal values.
The present results change drastically our philosophy regard-
ing the retrieval scheme. In the analysis of MODIS data we
shall be forced to assume that after correction for stratospheric
aerosol the size distribution is described by two lognormal
modes: an accumulation mode (sulfates or organic particles,
including smoke) and a large-particle mode of maritime par-
ticles and/or dust. The main retrieved parameter, in addition to
the retrieval of the total spectral optical thickness, will then be
the ratio of the volumes of the two modes. Careful simulations
of the inversion procedure for MODIS in the presence of
instrumental and natural sources of errors will show if addi-
tional information can be retrieved. Present simulations (see
Figures 5b, 7a, and 7b) indicate that with an accurate deter-
mination of the second component and for optimum geometry
conditions, it may be possible to distinguish if the accumulation
mode is composed mainly of small particles associated with gas
phase processes (r.g ~ 0.1 um) or particles associated with
in-cloud processes (r.z ~ 0.2 wm). Alternatively, it may be
possible to distinguish if the large particles are mainly of mar-
itime origin (r.z ~ 0.8-1.5 um) or dust (7.4 ~ 2-3 pm). A
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detailed size distribution of the atmospheric aerosol will rather
be derived from a global network of ground-based instruments
for remote sensing of Sun and sky radiation [Tanré et al.,
1988b; Nakajima et al., 1989; Kaufman et al., 1994; Holben et
al., 1994; Kaufman and Holben, 1996]. To the best of our
knowledge, no such detailed investigations of the information
content of polarization or angular properties of the reflected
light were performed. These approaches may be more infor-
mative than the spectral radiance and may overcome the de-
ficiencies of the present algorithm.

The lack of sensitivity of the spectral reflected radiance to
details of the aerosol size distribution is probably also the
reason for the relative success in corrections of remote sensing
of oceanic phytoplankton for contamination by aerosol scat-
tering [Gordon, 1978; Morel and Gordon, 1980]. In such cor-
rections, a short spectral range of the reflected light (e.g.,
660-750 nm) is used to predict the atmospheric path radiance
at shorter wavelengths (down to 410 nm). A more complex
dependence of the spectral radiance on the aerosol size distri-
bution would have prohibited this type of extrapolation.
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